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Abstract

Development of an Electrochemical Surface-Enhanced Raman Spectroscopy

Aptasensor for the Early Detection of Acute Myocardial Infarction

By: Sam Michael Julien

A common cardiovascular disease is acute myocardial infarction (AMI), which is characterized as
an ischemic event within the myocardium that results in irreparable damage to the heart.
Unfortunately, current clinical methods lack sensitivity or are too time consuming to diagnose
AMI events effectively. A common biomarker that is specific to AMI is the protein cardiac
troponin I (cTnl). ¢Tnl is a good protein biomarker for diagnosing AMI because it is part of the
troponin complex which breaks down and is released into the blood stream when AMI events
occur. The goal of this thesis was to build an aptamer-based biosensor (aptasensor) specific to cTnl
using an electrochemical surface-enhanced Raman spectroscopy (EC-SERS) detection platform.
EC-SERS was first used to prepare, optimize, and characterize a ternary (three component)
monolayer consisting of an aptamer that specifically binds to ¢Tnl, and two alkane thiols which
backfill the surface and limit non-specific adsorption. Once optimized, the ternary monolayer was
tested for blocking efficiency of non-target analytes, which was found to block >99% of non-target
signal. This research also developed a new method for verifying the presence of the aptamer after
the monolayer had been prepared using deuterated thiols. Finally, the ternary monolayer was tested
for its aptasensing capabilities for the determination of ¢Tnl, where no signal was detected for
cTnl due to distance dependence issues that are a limitation of SERS techniques. Future work is

needed to extend the applicability of SERS to aptamer-based sensors.
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Chapter 1: Introduction

1.1 Preamble

Cardiovascular Diseases (CVDs) remain the leading cause of death worldwide each year.! CVDs
are the second most common cause of death in Canada killing approximately 12 adults over the
age of 20 each hour.? One common CVD is acute myocardial infarction (AMI), which is
characterized by a lack of blood supply and therefore lack of oxygen in the myocardium.? This
event is known as ischemia and results in irreparable cell death.? The four common biomarkers of
CVD that are released into the blood stream during cardiac events are thrombin, myoglobin,
creatine kinase MB and cardiac troponins.® Cardiac troponins are further differentiated into cardiac
troponin I (¢Tnl), cardiac troponin T (cTnT) and cardiac troponin C (cTnC). Of these biomarkers,
cTnl is considered the “gold standard” for diagnosing AMI events because it is highly specific to
AMI events and it persists in the blood stream for up to 10 days following an AMI event.*> In a
healthy adult, cTnl levels are approximately 0.4 ng/mL, however in an individual who has

experienced an AMI event, levels of ¢Tnl will be elevated above 2 ng/mL.>

Current clinical detection methods of AMI events include enzyme linked immunosorbent
assays (ELISA) and electrocardiograms (ECG).? While ELISA is capable of detecting levels of
cTnl as low as 10 pg/mL, it must be completed in a central laboratory and is very time consuming,
taking up to 6 hours to complete an analysis of a blood sample.? In contrast, an ECG is very fast
at diagnosing heart attacks but lacks the sensitivity needed to diagnose acute heart failure events
like AMI. Tt is therefore evident that a test be developed for a clinical setting that can diagnose

AMI in a sensitive, selective and rapid manner.



Aptamers are an oligonucleotide sequence (single stranded DNA or RNA) isolated through
a process known as the systematic evolution of ligands by exponential enrichment (SELEX) which
can bind selectively to a target.” Further, they are specifically engineered to have high binding
affinities towards a specific target, are easily modified and are more robust than a traditional
antibody.>® For these reasons, in the past 20 years, there has been extensive research into the

development of aptamer-based biosensors (aptasensors).”!?

In 2015, the first aptamers specific to the protein ¢Tnl were isolated.!! Since then,
numerous aptasensors have been developed in an attempt to develop a point-of-care (POC) test for
AMI in a clinical setting. Aptamers are oligonucleotide sequences of single stranded DNA or RNA
that have high binding affinities for a specific target.>” In recent years, it has been argued that
aptamers are a better choice than antibodies for biosensing due to the fact that aptamers do not
need an animal host, they are easily modified and they are easily synthesized.”!? In addition,
aptamers can be designed to bind to a wider variety of targets, ranging from ions to molecules to

proteins to entire cells.

Many aptasensors have been developed to detect ¢Tnl quantitatively.>!' Some of the
detection methods used in currently developed aptasensors include differential pulse voltammetry,
electrical impedance spectroscopy, chemiluminescence and SERS.%!? For the majority of the ¢Tnl
aptasensors that have been previously developed, the Tro-4 aptamer is the most common aptamer
choice because it possesses a very high binding affinity for the protein biomarker ¢Tnl.!! Overall,

the binding constant (K4) for the Tro-4 aptamer binding ¢Tnl was found to be 270 pM.!!

Electrochemical surface-enhanced Raman spectroscopy (EC-SERS) is a promising
detection platform for developing a c¢Tnl aptasensor. Raman spectroscopy is a vibrational

spectroscopy technique that uses the inelastic scattering of monochromatic light.!3!'# Although the

2



Raman signal is inherently weak because only 1 in 10° photons scatter inelastically, when coupled
to a plasmonic material such as nanostructured silver, localized surface plasmon resonance (LSPR)
is generated from the conduction electrons of the nanoparticle.'*!> Further, hot spots are created
when nanoparticles aggregate very close together, leading to Raman signal enhancement of up to
105.13 The Raman signal can be enhanced even further when it is coupled with electrochemistry as
the applied potential is capable of bringing analytes closer to the plasmonic surface, maximizing

the enhancement even further.!3-16

There are two ways to prepare a SERS substrate, the bottom-up method and the top-down
method.!” With a top-down approach, a plasmonic substrate is prepared by some sort of deposition
process such as physical vapor deposition (PVD).!1 In contrast, a bottom-up method of preparing
a SERS substrate prepares plasmonic materials (nanoparticles) through chemical reactions, and
then the nanoparticles are assembled onto the surface.!® When dealing with complex analytes, the
substrate typically has to be functionalized in order to block non-target species from adsorbing to
the surface, which can be accomplished by preparing a self-assembled monolayer (SAM).!62021 A
self-assembled monolayer (SAM) is a method for modifying the surface of a plasmonic substrate
that increases the number of reporters (aptamer molecules) on the substrate and overcomes the
barrier of gross aggregation on a NP surface.?’ SAM probes are typically prepared by attaching
molecules that contain a thiol group to the NP surface.?’ The thiol group acts to bind to the metal
surface as it is capable of forming strong Ag-S bonds.2?° Advantages of SAM’s include high surface
coverage with reporter molecules, uniform orientation of the reporters giving reproducible results,
high surface coverage which reduces the possibility of co-adsorbing analytes that will interfere
with the analyte of interest, and ease of multiplexed testing as various reporters can be attached in

this fashion.2°



For this work, a bottom-up method was used, first by synthesizing silver nanoparticles
(AgNPs) and coating carbon screen printed electrodes with these AgNPs. Next, a self-assembled
ternary (three-component) monolayer was prepared on the plasmonic substrate. These three
components included a thiol-modified Tro-4 aptamer, and two alkane-thiols to backfill and block
non-specific adsorption. Finally, the aptasensor was tested for proof-of-concept qualitative

performance using recombinant cTnl at a concentration of 250 ug/mL.

1.2 Objectives of this Thesis

The objectives of this thesis were as follows:

e Development and optimization of a ternary (three-component) monolayer containing the
Tro-4 aptamer and two alkane thiols

e Verification that non-specific adsorption was blocked by the ternary monolayer

e Method optimization for reduction of the aptamer linker

e Development of a method for verifying the aptamer was still present after ternary
monolayer preparation

e Obtaining electrochemical surface-enhanced Raman (EC-SERS) spectra of pure cardiac
troponin I (cTnl)

e Qualitative testing of the efficacy of the prepared aptasensor for cTnl detection

1.3 Scope of this Thesis

This thesis contains 8 chapters, and each chapter contains the following information.
Chapter 1 is an introduction to this project and contains a short preamble, goals of this thesis work
and a summary of what is contained in this thesis. Chapter 2 is a background chapter containing a

full literature review, as well as the relevant background theory needed to understand this work.



Chapter 3 contains all methods used for this research. Chapter 4 contains the prominent results of
this work. Chapter 5 contains the conclusions of this research. Chapter 6 contains directions for
future work for this project. Finally, Chapter 7 contains all references for this work and Chapter 8

contains the appendix which includes supplementary data as well as copyright permission letters.



Chapter 2: Background

2.1 Literature Review

2.1.1 Cardiovascular Disease

Cardiovascular Diseases (CVDs) remain the leading cause of death worldwide, accounting
for an estimated 31% of deaths each year.! Acute myocardial infarction (AMI) is one of the most
common CVDs. AMI occurs when there is ischemia within the myocardial tissue, which is a lack

of blood supply, and therefore lack of oxygen in the myocardium.*?

Commonly, the symptoms of a cardiovascular event can include pain or discomfort in the
chest, pain or discomfort in the arms, left shoulder, back, or jaw.! Furthermore, CVD patients can
experience shortness of breath, nausea, light-headedness, a cold sweat, and pale colouration.!
Symptoms of CVDs are known to present differently between men and women, therefore the best

way to truly diagnose CVDs is through biomarkers in the blood.!-3

Four common biomarkers of CVDs that are released into the bloodstream during cardiac
events are thrombin, myoglobin, creatine kinase myocardial band (CK-MB), and cardiac
troponins.®> Cardiac troponins are further differentiated into cardiac troponin I (cTnl), cardiac
troponin T (¢cTnT) and cardiac troponin C (cTnC). Of these biomarkers, cTnl is considered the
“gold standard” for diagnosing AMI events because it is highly specific to AMI events and it
persists in the bloodstream for up to 10 days following an AMI event.** In a healthy adult, ¢Tnl
levels are approximately 0.4 ng/mL, however in an individual who has experienced an AMI event

levels of ¢Tnl will be elevated above 2 ng/mL.’

Current methods of testing for CVDs lack the sensitivity to diagnose more acute heart failure

events like AMI, or are too time consuming to diagnose AMI in a timely manner before more



serious heart failure occurs.®»>!'' The most common method for heart attack detection is an
electrocardiogram (ECG), which delivers a rapid result based on electrical impulses from the heart,
but is not sensitive enough to detect smaller heart issues like AMI>* In contrast, highly sensitive
methods like enzyme linked immunosorbent assays (ELISA) are capable of detecting levels of
cardiac biomarkers in blood as low as 10 pg/mL, but need to be carried out in a central laboratory

and can be prohibitively expensive and time consuming.?

2.1.2 DNA

The structure of deoxyribose nucleic acid (DNA) was discovered to be a double helix in
1953.22 DNA is comprised of the four heterocyclic nitrogen bases adenine (A), thymine (T),
cytosine (C), and guanine (G).?? A nucleotide base consists of the nitrogen heterocycle (nucleotide
base), a deoxyribose sugar (contains a hydrogen instead of an OH in the C2 position), and a
phosphate group on the C5 of the sugar.?? These nucleotides form phosphodiester bonds between
the phosphate and the OH on the C3 carbon of the deoxyribose sugar, which is why DNA terminal
ends are denoted 5° (the C5 phosphate end) and 3’ (the C3 OH end).?? As shown in Figure 1, DNA
forms hydrogen bonds between A-T and G-C nucleotides between complimentary strands of the

double helix.



Figure 1. Schematic of the base pairings and hydrogen bonding pattern of DNA

Since the discovery of the double helical structure of DNA, there has been increased research
into the field of DNA-based sensors. While there have been some successfully developed
applications, the DNA often has to be modified with labels, which negatively affects the sensitivity
of the sensor and makes the method very expensive.? In recent years, efforts have been made to
develop label-free detection of molecules using DNA, which has since been widely applied using
various detection techniques such as voltammetry, electrical impedance spectroscopy,

amperometry and Raman spectroscopy. !

2.1.3 Aptamers

In 1990, three different groups simultaneously described aptamers as synthetic single
stranded nucleic acid sequences (ssDNA or ssRNA) which bind selectively to a target.?>?’
Aptamers adopt very stable secondary structures, which permit them to interact with analytes
which can range from ions to molecules to proteins or even whole cells.®®?® Aptamers are
specifically engineered to have high binding affinities towards a specific target such as a protein,
lipid, small molecule or another DNA fragment.>® Furthermore, the high binding affinities (1.0

pM — 1.0 uM) of aptamers allows them to achieve detection limits in the picomolar range for large

targets and micromolar ranges for small molecules.?



Recently, aptamers have been widely used for both analytical and biological applications
such as target capture, cell imaging, drug delivery, and molecular sensing.?’ Some of the most
widely studied aptamers from the literature include the thrombin and PEGaptanib® aptamers.°
PEGaptanib® is a therapeutic drug used for acute macular degeneration (AMD) that received FDA
approval in 2004 and uses an anti-VEGF (vascular endothelial growth factor) aptamer.>* VEGF
165 causes abnormal blood vessels to grow in the eyes, which leads to blood leakage and eventual
vision loss.’® The anti-VEGF aptamer is injected into the patient’s vitreous cavity to bind to the
target, inhibiting the binding between the target and its receptor.>’ Overall, this therapeutic aptamer
has been shown to significantly improve vision of patients, and has since been widely applied as

treatment for AMD as well as for diabetic retinopathy (DR).3°

To isolate a highly selective and highly sensitive aptamer, it is necessary to have a very
careful process in which aptamers are prepared. Although aptamers were discovered by three
groups simultaneously, the ideal isolation method for synthetic aptamers was only described by
two different groups independently, and the process became known as systematic evolution of
ligands by exponential enrichment (SELEX).2627 SELEX consists of first preparing a random pool
of ssDNA or ssRNA, binding the target, eluting the sequences that bind to the target and finally an
amplification step is used to concentrate the desired target sequence.®*° The random ssDNA pool
contains approximately 10'> unique nucleotide sequences; each sequence consisting of a random
central sequence and a defined sequence on both the 5> and 3” ends.” The random pool is then
incubated with the target molecule where some sequences will bind strongly to the target and
others will be weakly bound or completely unbound to the target.>® The enriched pool is then eluted
from the bulk pool using various separation techniques such as affinity chromatography, or

capillary electrophoresis.” The eluted aptamers are then amplified using polymerase chain reaction



(PCR) which binds to PCR primers in the defined sequence region of the aptamers.” This cycle is
then repeated 8-12 times in order to obtain an aptamer that is highly sensitive and specific towards
the target molecule.”** A full schematic of the SELEX process is shown in Figure 2 below.
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Figure 2. Flow chart depicting the SELEX process where aptamers are selected from the
random ssDNA pool, eluted and amplified. (Reproduced with permission’)

Although the process of SELEX remains the most widely used method of aptamer isolation
today, a major limitation of the technique is that it takes multiple weeks to complete the process.
Due to this limitation, efforts were made to make the process faster, which includes coupling it
with other techniques: photo-SELEX, capillary electrophoresis-SELEX, and microfluidic-
SELEX.”?? In addition, there have also been non-SELEX processes developed for the isolation of
aptamers, namely capillary electrophoresis and non-equilibrium capillary electrophoresis of an

equilibrium mixture. 3!
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The first aptamers specific to the cardiac biomarker ¢Tnl were isolated in 2015.!! In short,
the SELEX process was applied and six different DNA sequences with high binding affinities for
cTnl were fully characterized. The most selective and sensitive of these aptamer sequences was
the Tro-4 sequence which is shown below in Figure 3.!! Since then, numerous aptasensors have
been developed using different sensing platforms, but the Tro-4 aptamer is the most highly used

sequence for designing a biosensor for the detection of ¢TnI %1228
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Figure 3. Depiction of the Tro-4 aptamer structure (Reproduced with permission'?)

2.1.4 Aptasensors

In the past twenty years, there has been extensive research into the development of DNA-
based biosensors.”! Many current DNA-based biosensors make use of aptamers, and are therefore
named aptasensors. As previously mentioned, aptamers are highly selective and sensitive towards

a specific target molecule which makes them extremely useful for rapid detection of viruses,

bacteria, proteins or other chemical substances.””’
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Another reason why aptasensors are a very promising method for future diagnostic testing
is that they offer numerous advantages in comparison to traditional antibody-based sensors.”!?
Aptamers are desirable because they are more robust and more easily synthesized and modified in
the lab in comparison to antibodies which require a host organism to grow, cannot be easily
modified and are conformationally susceptible to temperature and pH changes.”!? Currently,
aptasensors have been applied to various analytical techniques including voltammetry, surface-
enhanced Raman spectroscopy (SERS), electrochemical SERS (EC-SERS), and
chemiluminescence sensors.”-!%!1¢ In the literature, some applications of aptasensors include the
diagnosis of tuberculosis and the quantification of cardiac biomarkers such as thrombin,
myoglobin and ¢Tnl.*!6 The first cTnl aptasensor was developed by Jo etal. in 2015. As previously
mentioned, this study isolated six different aptamers that possessed high binding affinities toward
cTnl. Of these aptamers, the one with the highest binding affinity was the aptamer named Tro-4
which was used to build an aptasensor that detected cTnl using square wave voltammetry with a

linear dynamic range of 1 — 10,000 pM.!!

The most important part of designing an aptasensor is choosing the best sequence (highest
binding affinity for cTnl) for the analyte of interest: for this thesis work the Tro-4 aptamer was
used. The other important aspect is ensuring the aptamer is properly immobilized to the surface of
the sensor such that the aptamer can properly interact with the molecule of interest.>> To ensure
the aptamer is properly oriented on the sensor surface, the strong chemisorption properties of thiols
to silver substrates is often taken advantage of in order to prepare what is known as a self-
assembled monolayer (SAM).2° Self-assembly is useful for building an aptasensor because
aptamers can be easily modified to contain various functional groups on either the 5’ or 3’ end,

including thiol groups.” For a SAM, the specific functional group of interest is a thiol (-SH)

12



because thiols form strong metal — sulfur bonds which optimizes the surface coverage of the
aptamer, as well as reduces the likelihood of the aptamer becoming physisorbed to the substrate.?’
Furthermore, alkanethiols can be immobilized onto the surface in order to “backfill” the surface
after the aptamer has been immobilized which limits non-specific adsorption of non-target
species.!®?! A schematic for the aptasensor SAM, a three-component, or ternary monolayer,

prepared in this work can be seen in Figure 4 below.

% =cTnl
O = AgNP

= Tro-4 aptamer C6-thiol 5’ end

NN NHz = cysteamine

\S/\/\/\/\/\/\H/OHz 12-MDA

o)

Figure 4. Schematic of the Tro-4 aptamer immobilized on the AgNP surface with 12-MDA and
cysteamine immobilized as backfilling agents.

2.1.5 SERS Based Aptasensors

As previously mentioned, aptamers can be used for the detection of many targets including
viruses, proteins, and bacteria.”” Aptasensing is still a growing field, but in recent years, many
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surface-enhanced Raman spectroscopy (SERS) based aptasensors have been developed. Some of
the most successful SERS-based aptasensors include a SERS aptasensor for the detection of
salmonella and staphylococcus, as well as a SERS-based aptasensor for the detection of

exozomes.334

Furthermore, SERS-based aptasensing has been used to detect biomarkers of tuberculosis,
cardiac biomarkers, as well as hormones and neurotransmitters.'?!%3 Some noteworthy examples
of successful SERS-based cardiac biomarker detection include the development of cTnl
aptasensors and numerous developed SERS-based aptasensors for the detection of the cardiac
biomarker thrombin which activates fibrinogen, fibrin and platelets which cause clotting of the
blood.!%36-3% Another noteworthy mention of a SERS-based aptasensor is the development of an
aptasensor for the quantification of dopamine. Dopamine is a neurotransmitter that regulates
numerous physiological pathways and is essential for brain function.’® The group of Tang et al.
was able to quantify levels of dopamine with a linear dynamic range from 0.01 — 10 pM which
highlighted SERS-based aptasensing as a potentially promising technique for the diagnosis of

dopamine-deficiency diseases such as Parkinson’s Disease.®

Overall, with aptasensing being a growing field, it is expected that many more useful
applications of SERS-based aptasensors will be developed in the future because SERS is a highly

sensitive technique capable of single molecule detection.*”

2.1.6 Cardiac Troponin I
As previously mentioned, cardiac troponin I (cTnl) is considered the “gold standard” for
CVD diagnosis via detection of biomarkers. However, it is important to understand what ¢Tnl is

and what it does in the body.* In a healthy individual, cTnl is part of a quaternary protein known
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as the troponin complex.***? This complex can be seen in Figure 5 and its function is to regulate

muscle contractions of the heart.*?

Troponin I (34-135)

Troponin T (221-276)

Troponin I (146-161) Actin

7

Figure 5. X-ray crystallography structure of the troponin complex. (Reproduced with
permission*?)

The troponin complex regulates cardiac muscle contraction by regulating the influx of Ca®*
and inhibiting ATP activity by the ¢Tnl (inhibitory) subunit binding to ATP.*? This inhibition of
ATP regulates the cycle of the actin-myosin motor where Ca** binds to tropomyosin and ATP

hydrolysis causes muscle recovery.?>*

Acute myocardial infarction (AMI) causes the troponin complex to breakdown
(cardiomyocyte necrosis) and results in the cardiac muscle being improperly regulated.** When
cardiomyocyte necrosis occurs, the different components (cTnl, cTnT, and cTnC) are released into

the bloodstream.** It is for this reason that elevated levels of ¢Tnl detected in the blood is a very
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good early indicator of AMI or some other acute heart failure, because it indicates that the cardiac

muscle will be susceptible to improper contractions due to the lack of Ca?* and ATP regulation.***

2.2 Theory

2.2.1 Raman Spectroscopy

Raman spectroscopy is a widely used vibrational spectroscopy technique that provides
qualitative information about an analyte based on the unique vibrational fingerprint of that
molecule.** Raman scattering was first described in 1928 by Chandrasekhara Venkata Raman and
Kariamanikkam Srinivasa Krishnan.!* Raman spectroscopy makes use of the inelastic scattering
of monochromatic light that occurs when an incident beam is focused onto a sample.?** Rayleigh
scattering is elastic scattering and makes up the majority of the scattering of the incident beam.*>4¢
In contrast, both Stokes and anti-Stokes scattering are inelastic forms of scattering (Raman
scattering). When the frequency of relaxation is less than the frequency of the incident light, Stokes
scattering arises.**® When the frequency of relaxation is more than the frequency of the incident
light, anti-Stokes scattering is the result.**¢ A visual depiction of Raleigh scattering, Stokes

scattering and anti-Stokes scattering can be seen in Figure 6.%
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Figure 6. Depiction of the different scattering modes of monochromatic light: Rayleigh, Stokes
and anti-Stokes

An advantage of Raman spectroscopy is that in comparison to IR spectroscopy (another
vibrational technique) spectral contributions from water, carbon dioxide and glass are modest at
best, which allows researchers to conduct studies in aqueous media in glass containers without
interference.*>*’ Raman spectroscopy is also a non-destructive technique, making it an ideal
technique for characterizing biological systems, as well as delicate materials such as art
samples.!62%48 Furthermore, Raman spectroscopy is a very simple technique that requires only
small amounts of sample that often need little to no sample preparation beforehand, and the

analysis time is very fast.!6:46:49

A major limitation of normal Raman spectroscopy is that it is an inherently weak technique
because only 1 in ~10° photons scatter inelastically.*>*>° For this reason, Raman spectroscopy
was not widely applied until the 1970s when lasers and more sensitive photon detectors became

available.’?
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2.2.2 Surface-Enhanced Raman Spectroscopy (SERS)

Due to the inherently weak signal of normal Raman spectroscopy, this technique lagged
behind infrared spectroscopy as a vibrational characterization tool until further advancements were
demonstrated. This was achieved in 1974, when Fleishman et al. recorded the enhanced Raman
spectrum of pyridine on roughened silver. However, at the time of this study it was not fully
understood why the signal was enhanced, with the authors attributing it to the increased surface
area of the roughened silver.’® It was not until 1977, however, that Surface-Enhanced Raman
spectroscopy (SERS) was discovered by two separate research groups: the group of Van Duyne
and Jeanmaire as well as the group of Albrecht and Creighton.’!'>> Surface enhancement occurs
due to both electromagnetic and chemical factors, but the electromagnetic component accounts for
the bulk of the enhancement.”® The electromagnetic enhancement is due to the interaction of the
incident beam of light with the conduction electrons of a coinage metal such as silver, gold, or
copper which results in a process known as localized surface plasmon resonance (LSPR).33-%
LSPR occurs when the conduction electrons experience quantum confinement within the
dimensions of the metal nanosphere, and the electrons oscillate in response to the oscillating
electric field of the incident light, resulting in a very strong electromagnetic field at the
nanostructured surface.>> A schematic of LSPR is shown in Figure 7 where the conduction

electrons of the metal nanosphere interact with the incident light in a collective oscillatory manner.
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Silver nanosphere

Figure 7. Depicts the interactions of the free electrons of the nanosphere with the electric field of
the incident beam.*> Reproduced with permission

The increased intensity of the electromagnetic field leads to a greater induced dipole for the
analytes and more inelastic scattering.!’”* An induced dipole (Van der Waals force) is the
instantaneous dipole that is created when the electron cloud of a molecule becomes concentrated
at a given area due to interaction with other molecules or in the case of Raman spectroscopy, the
interaction of the analyte with the electromagnetic field.’® The enhancement is even further
increased when two nanoparticles are in very close proximity (typically within 1 nm) or when
sharp features such as the points of nanostars are present.!”>> The significant local field
enhancement observed at nanoparticle junctions and sharp features are known as “hot-spots™.!”-33
The increase of inelastic scattering results in an enhanced signal orders of magnitude greater (up
to 10'?) than the normal Raman signal.’*>* Rather than using neat liquids or pure powders of
analyte, SERS can be applied when more sensitive analytical methods are needed, such as for

biosensing. 2048

Most SERS substrates make use of the coinage metals such as silver, gold and less
commonly, copper.’*>> These metals are ideal because they are relatively stable and they display

optimal plasmonic properties over a wide range of visible and near infrared wavelengths, as shown

in Figure 8.%°
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Figure 8. Depiction of the LSPR ranges for the ideal SERS substrates of silver, gold and
copper.’® (Reproduced with permission)

2.2.3 Electrochemistry

Electrochemistry is the study of how electricity affects different chemical interactions and
reactions.”’ Electrochemistry has been widely used in applications such as biomedical analysis,
quality control in industry and battery fuel cells.’” Electrochemical processes take place at the
electrode-solution interface and the method varies based on the type of electrical signal used for

detection of analyte.

Electrochemical applications can be grouped into two prominent methods: potentiometric
and potentiostatic. Both techniques use electrochemical cells, which consist of at least two
electrodes and an aqueous salt solution that conducts electricity (known as the supporting
electrolyte).’” The electrolyte used is chosen based on solubility of the analyte, electrical
conductivity, and electrochemical stability.’” An ideal electrolyte ranges in concentration from
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0.1-1.0 M and has a high ionic strength, which decreases the solution resistance and prevents
migration.”” One issue with aqueous electrolyte solutions is that they absorb oxygen from the
atmosphere, which causes problems when conducting electrochemical studies. One way to limit
this effect is to purge the electrolyte of oxygen by bubbling the solution with an inert gas, such as
argon, before use.®’ Potentiostatic methods investigate the charge transfer process at the interface
of the electrode and the solution.’’ The electrode potential is used to probe electron-transfer
processes between the analyte and electrode, resulting in a net current which can be measured.’’
Potentiostatic methods measure chemical species that can participate in oxidative and reductive
processes, which makes them easily applicable to the development of highly sensitive, selective,
portable, and cost-effective techniques.’” When under potentiostatic conditions, electrodes develop
a surface charge attracting ions from solution of the opposite charge which leads to the formation
of an electrical double layer shown schematically in Figure 9.°® The double layer consists of a
diffuse layer and a compact layer, which is further divided into the inner Helmholtz plane (IHP)
and the outer Helmholtz plane (OHP).’® The inner Helmholtz plane (IHP) is the layer closest to
the electrode surface and contains fully adsorbed ions, which can be adsorbed via covalent or van
der Waals forces.’® The outer Helmholtz plane (OHP) is an imaginary plane passing through the
center of solvated and non-specifically adsorbed ions.’® The diffuse layer is a gradient of charge

accumulation extending from the outer Helmholtz plane to the bulk solution.>8
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Figure 9. Schematic of the Grahame model electrical double layer (adapted from>®)

When conducting electrochemical studies where the potential is controlled, the
electrochemical cell contains three electrodes: a working electrode (WE), a reference electrode
(RE) and a counter electrode (CE).>” The WE is where the electrochemical process of interest
occurs.”’ The RE is held at a constant potential, the most common RE being a silver-silver chloride
(Ag/AgCl) electrode.’” The CE allows for the measurement of the potential of the working

electrode while passing current.>’

2.2.4 Electrochemical Surface-Enhanced Raman Spectroscopy (EC-SERS)

While SERS uses coinage metals in order to obtain extensive enhancement of Raman signals,
electrochemistry can be coupled to SERS, which is given the name electrochemical surface-
enhanced Raman spectroscopy (EC-SERS).>® The change in electrical potential of the SERS

substrate in situ has been shown to increase the already highly enhanced sensitivity of SERS.!6>
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EC-SERS measures the Raman spectra of the molecules adsorbed to the surface of an electrode,
and monitors changes as a result of applied voltage or current.’® These changes can include
complete adsorption or desorption of molecules, or electrochemical conversion into other

molecular species, which can allow for multi-analyte analysis.>*°

When conducting regular SERS analysis, the strong electromagnetic field created by the
LSPR of the substrate accounts for the majority of the enhancement, but in EC-SERS the chemical
enhancement mechanism plays a more significant role.®! Chemical enhancement is caused by
various processes such as chemisorption interactions, and photon-driven charge transfer between

the adsorbed analyte and the substrate.®!

EC-SERS can be applied as a sensitive, simple, cost-effective, and portable detection
platform.!®> Furthermore, EC-SERS allows the analyte to be closer to the surface, which is
advantageous because SERS is a highly distance-dependent technique in which maximum SERS
signals are observed when the analyte if less than 5 nm from the enhancing surface.!”>° As well,
by applying a potential, different analytes can adsorb and desorb from the substrate surface which
allows for multi-analyte detection.®® As such, EC-SERS has been applied as a sensitive method for
the detection of biological molecules, DNA aptamers, drug metabolites and art sample
analysis.!66962 Tt is therefore clear why EC-SERS is a desirable platform for the development of

an aptasensor for the detection of cTnl and diagnosis of AMI.
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Chapter 3: Experimental

3.1 Reagents and Materials

Potassium phosphate dibasic (=98%) was purchased from Anachemica Canada (Montréal,
QC, CA), potassium phosphate monobasic (=99%), 12-mercaptododecanoic acid (12-MDA)
(96%), cysteamine (>98%), potassium chloride (>99%), guanine (98%), adenine (>99%), thymine
(299%), cytosine (=99%), NaBH4 (>99%), tris(2-carboxyethyl)phosphine hydrochloride (TCEP)

(298%) and rhodamine 6G (95%) were purchased from Sigma-Aldrich (St, Louis, MO, USA).
Sodium citrate was purchased from ACP Chemicals (Montréal, QC, CA). Silver nitrate
(99.9995%) and citric acid (99+%) were purchased from Alfa Aesar (Ward Hill, MA, USA). 2-
aminoethane-ds-thiol HCI (99%) and 1-dodecane-d»s-thiol (98%) were purchased from CDN
Isotopes (Pointe-Claire, QC, CA). Details regarding the DNA oligonucleotide for this work are as
follows: The Tro-4 aptamer sequence was modified at the 5’ end to contain a 6-carbon thiol linker
to allow for the aptamer to be easily immobilized to the substrate surface via a Ag-S bond where

the D denotes that the thiol was shipped as a more stable disulfide.
Tro-4 Aptamer:

5°-/5ThioMC6-D/-CGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTCTTA-3’
was purchased from Integrated DNA Technologies Canada (Toronto, ON, CA). Recombinant
cardiac troponin I protein (>95%) was purchased from MyBioSource (San Diego, CA, USA).
Aside from the Tro-4 aptamer which was reduced to its SH form by TCEP, and the ¢Tnl protein
which was diluted with pH 7.4 phosphate buffer to specific concentrations, all chemicals were
used as received without further purification. All solutions were prepared using Millipore water

(resistivity > 18.2 MQ cm). All glassware was soaked in neat sulfuric acid overnight and rinsed
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30 times with Millipore water. Screen printed electrodes (SPEs) used to prepare the EC-SERS
substrates and the WaveNow Potentiostat/Galvanostat System were purchased from Pine Research

Instrumentation (Durham, NC, USA).

3.2 Nanoparticle Synthesis and Characterization

Silver nanoparticles were synthesized using a modified Lee-Meisel method.5>%3 1.0 mL of
aqueous silver nitrate solution (0.1 M), 3.4 mL of aqueous sodium citrate (5 % w/v), and 0.6 mL
of'aqueous citric acid (0.17 M) are added into a 250 mL three-neck flat-bottom flask with 95.0 mL
of Millipore water. 0.2 mL of freshly prepared sodium borohydride solution (0.1 mM) was then
added into the above mixture at room temperature under magnetic stirring. The mixture was
allowed to stand at room temperature for 1 min and then brought to boil under reflux within 20
min under magnetic stirring. After boiling under reflux for 1 h, the heat was turned off and the
dark yellow solution was allowed to cool to room temperature while stirring for 1h. To concentrate
the AgNPs, aliquots of 16 x 1.40 mL of colloidal suspension were added to Eppendorf tubes, which
were then centrifuged at 8 000 rpm for 20 min using a Mandel Benchmark MC-24 touch
microcentrifuge (Guelph, ON, CA). The supernatant was then removed and discarded, and the
remaining pellet was placed into one tube and centrifuged again. The volume of the final AgNP
paste was determined and made up to 50 pL with Millipore water. This was repeated as many
times as necessary for each batch of AgNPs. The AgNPs were characterized by UV-vis looking
for the distinct peak at 390 nm and by SEM in order to verify the AgNP were uniform in size and

approximately 30 nm in diameter as seen in the appendix Figure AS.
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3.3 Spectroscopic Studies

Ultraviolet-visible (UV-vis) spectroscopic studies were completed using a Cary 60 UV-vis
spectrometer (Agilent Technologies, Santa Clara, CA, USA). EC-SERS measurements were
collected using a DXR Smart Raman spectrometer equipped with a 780 nm laser (Thermo Fisher
Scientific, Mississauga, ON, CA). The resolution of the spectrometer was 3 cm™ and it was
equipped with an air-cooled CCD detector. The DXR Smart Raman spectrometer is coupled with
a Pine Research Instrumentation portable USB Wavenow potentiostat/galvanostat (Durham, NC,
USA). For all control studies, the electrolyte used was 0.1M NaF solution that had been purged
under argon for 30 min prior to the study being completed. For all aptamer studies, the electrolyte
was a pH 7.4 phosphate buffer purged under argon for 30 min prior to the study. The applied
potential ranged from 0.0V to -1.0V versus Ag/AgCl in increments of 0.1V. The Raman
spectrometer used for normal Raman studies consisted of a DeltaNu (Intevac Photonics) benchtop
dispersive Raman spectrometer equipped with an air-cooled CCD detector, 785 nm diode laser
and an optics extension tube. The spectrometer has a resolution of 4 cm™! All spectra were corrected
for laser power and acquisition time for ease of data comparison. All data was analyzed using

Origin 2020b Software (OriginLab Corporation Northampton, MA, USA).

3.4 Preparation of Nucleotides

3.4.1 Nucleotide base control studies

Before immobilizing aptamers on the surface of the electrode, it was important to
determine what the characteristic vibrational modes were for each of the nucleotide bases. To do
this, 10.0 mM nucleotide base solutions which were also 0.1M in NaF were prepared for the four

nucleotide bases used in this work: adenine, guanine, cytosine and thymine. These solutions were

26



purged, and EC-SERS was carried out using a DXR Smart Raman spectrometer equipped with a
780 nm laser (Thermo Fisher Scientific, Mississauga, ON, CA), coupled with Pine Research

Instrumentation portable USB Wavenow potentiostat/galvanostat (Durham, NC, USA).

3.4.2 Aptamer Reduction Protocol

The DNA oligomers were shipped as disulfides because the thiol functional group is not
stable for an extended period of time.** Therefore, this disulfide had to be reduced in order to allow
for preparation of the ternary self-assembled monolayer on the AgNP electrode surface. To do this,
100 puL of 1.0 M tris(2-carboxyethyl)phosphine (TCEP) hydrochloride solution (prepared fresh)
was added to an Eppendorf tube that contained 1 pmol of lyophilized oligonucleotide, yielding a
10.0 mM solution of reduced oligonucleotide.®* This solution was allowed to sit at room
temperature for 2h, after which the oligonucleotide was stored in the fridge in the TCEP solution

until needed.®

3.5 Preparation of Aptamer-Containing Ternary Monolayers for EC-SERS

Carbon screen printed electrodes were modified with nanoparticles for use in EC-SERS
sensing. The screen-printed electrodes were used as received, with no pre-treatment or pre-
cleaning beforehand. Three layers of the AgNP paste were drop coated onto the working electrode
surface of a carbon screen printed electrode in 5 pL aliquots, drying fully between layers. Three
layers of the AgNP paste is the optimal amount to ensure uniform surface coverage. Once the
AgNP electrodes were prepared, the ternary (three component) SAM was assembled on the

electrode surface in a sequential fashion as outlined in the next sections.
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3.5.1 Immobilizing the aptamer

The AgNP electrodes were first immersed in 0.5 M KCI for 30 min, rinsed with ultrapure
water and dried prior to application of the aptamer. This treatment step is done to remove citrate
from the metal surface, which blocks access to the surface and is a spectral interference. The first
component of the ternary SAM to be immobilized was the reduced DNA aptamer. The aptamer
immobilizes onto the surface via the 5’ C6 thiol linker which forms a strong Ag-S bond. The
procedure for this involved drop casting 10 pL. of 10 mM reduced aptamer solution onto the
working electrode and allow it to dry overnight. It is important to note that removing the aptamer
solution from the fridge and allowing it to warm up and redissolve was necessary, as well as drying
overnight. Both factors increased the signal intensity and helped more aptamers immobilize onto

the electrode surface.

3.5.2 Thiol backfilling

To block non-specific adsorption of matrix species onto areas of the substrate unoccupied
by the aptamer, the AgNP electrode surface needs to be completely covered. To do this, the
aptamer-modified electrode was first immersed in a solution of 5.0 mM 12-MDA in methanol for
2h, rinsed with methanol and dried. Next, the electrode was incubated in a 5.0 mM aqueous
cysteamine solution for 30 min, rinsed with ultrapure water then dried. 12-MDA and cysteamine
were chosen as the back-filling thiols as 12-MDA is a long chain thiol that can fill in large gaps,
while cysteamine is a shorter chain thiol that is capable of filling in the smaller gaps. Further, the

carboxylic acid and amine functional groups help balance the surface charge of the substrate.*
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3.5.3 Assessment of non-specific adsorption: blocking study

Non-specific adsorption is a phenomenon that can occur wherein matrix components
adsorb onto the surface of a sensor and cause interferences with the detection of the target
analyte.!'® Non-specific adsorption is limited by creating a monolayer with optimized surface
coverage through a process known as back-filling, as outlined above.!'® Once the ternary monolayer
had been constructed for this work, it was important to test whether the blocking of non-specific
adsorption was successful. Studies to test this were conducted using rhodamine 6G (R6G), which
has a very strong Raman signal. Electrochemical SERS (EC-SERS) studies were conducted using
a 1.0 mM R6G solution which was also 0.1 M in NaF. Both the control study and the blocking
study measured the signal of R6G in solution, which simulates a matrix component trying to reach
the surface from solution. First, a control study of EC-SERS for just R6G on a bare AgNP electrode
was conducted. The control study was then compared to the EC-SERS signal for R6G being
blocked by a 12-MDA and cysteamine monolayer that was prepared on the AgNP electrode

surface.

3.5.4 Verification of aptamer persistence in the ternary monolayer

The ternary (three component) monolayer consisted of the Tro-4 aptamer modified with a
C6-thiol linker on the 5° end, 12-MDA and cysteamine. All these components contain the same,
or very similar Raman bands which therefore made it hard to determine if the aptamer was still
immobilized to the electrode. A study was designed to verify the aptamer was still present which
used deuterated thiols to back-fill the electrode surface rather than the hydrogen containing thiols.
In this case, the v(CD) modes are shifted relative to the v(CH) modes, allowing for examination

of the aptamer in the presence of both deuterated thiols. The full range grating for the DXR Smart
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Raman Spectrometer (resolution is 4 cm!) was used to view the different C-H and C-D stretching

vibrational modes.®

3.6 Testing the aptasensor with cardiac troponin I

Using the methods described above, the ternary monolayer aptasensor was prepared. The
recombinant cardiac troponin I protein (>95%) that was purchased from MyBioSource (San Diego,
CA, USA) was received with an initial concentration of 0.621 mg/mL of cTnl in amounts of 0.05
mg of protein per vial, ~80 uL of protein solution containing 6.0 M urea and 50 mM tris buffer pH
8. The protein was removed from the freezer, thawed and aliquoted into a separate Eppendorf tube
that contained pH 7.4 phosphate buffer to obtain a cTnl solution concentration of 250 pg/mL.
Next, 10 pL of the c¢Tnl solution was drop coated onto the ternary monolayer aptasensor and
allowed to dry for 1 hour. After 1 hour, the aptasensor was rinsed with Milli-Q water to remove
any unbound protein. EC-SERS measurements were then obtained in a pH 7.4 phosphate buffer
that was purged for 20 min. The 780 nm laser was used at 120 mW power, 60 seconds acquisition

time and the high-resolution grating (resolution is 3 cm™') was used for these studies.

A control study of the protein was also conducted, where 10 pL of 250 pg/mL ¢Tnl solution
was drop coated onto a bare (non-functionalized) KClI-treated AgNP electrode and allowed to dry
for 1 hour. EC-SERS measurements were then obtained in pH 7.4 phosphate that was purged with

argon for 20 min.
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Chapter 4: Results and Discussion

4.1 Nucleotide Base Studies

The first components analyzed for this research were the four nucleotide bases: adenine,
thymine, guanine, and cytosine. It was important to determine the prominent peaks of each
nucleotide base prior to building an aptasensor to determine if these bases will cause interferences
with the detection of the analyte. In addition, if the Raman signal was dominated by the
nucleotides, this could indicate that the aptamer is laying on the surface of the substrate, rather
than immobilized as a self-assembled monolayer through the C6-SH linker. The nucleotide bases
were first studied using normal Raman of the solid nucleotide powder. Electrolyte solutions
containing 10.0 mM nucleotide base in 0.1M NaF were then prepared for each base for EC-SERS
detection. It is important to note that while cytosine and thymine dissolved readily in Milli-Q
water, both adenine and guanine required pH adjustment to dissolve. This was done by adding 1.0
mM NaOH dropwise, where adenine required 26 drops of 1.0 mM NaOH (pH = 9-10) and guanine
required 24 drops of 1.0 mM NaOH (pH = 9-10). This was consistent with the nucleotide base

studies conducted by Karaballi in 2013.32

4.1.1 Normal Raman

The Raman spectrometer used for normal Raman studies consisted of a DeltaNu (Intevac
Photonics) benchtop dispersive Raman spectrometer equipped with an air-cooled CCD detector,
785 nm diode laser and a right-angle optics tube. The spectrometer had a resolution of 4 cm™!. All
spectra were corrected for laser power and acquisition time for ease of data comparison. The strong
peak intensity for each nitrogen heterocycle between 600-800 cm™ is characteristic of a ring

breathing vibrational mode. Each base has some characteristic peaks that can be used to
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distinguish these bases from each other. The ring breathing modes found between 600-800 cm'!
and the amide vibrations at higher wavenumbers are just a few examples: guanine (649, 1265
cm!), adenine (722, 1333 cm!) cytosine (790, 1275 cm™), and thymine (1368, 1671 cm™).32 This

can be seen in Figure 10 and the peak assignments are summarized in Tables A1-A4.
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Figure 10. Normal Raman spectra of the four nucleotide base heterocycles A) Adenine
B) Thymine C) Guanine D) Cytosine. Spectra were obtained by taking 10 spectra of each
and averaging them. Measurements obtained using 780 nm excitation, 42.6 mW laser
power and 30 s acquisition.
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4.1.2 EC-SERS

Figure 11 shows a summary of the cathodic step data for each nucleotide base. It is
important to note that for all bases, the intensity of signal increased significantly from open circuit
potential (OCP) to more negative voltages, which is significant for two reasons. The first reason
this study was important was to determine if the vibrational modes would interfere with the
expected modes of cTnl. However, the more important observation is that more negative voltages
pull the nucleotide base closer to the electrode surface, which could be useful when analyzing the
sample for cTnl bound to the aptamer. This could indicate that as the potential is stepped in the
negative potential direction, the signal of cTnl will be enhanced as it gets pulled closer to the
electrode surface. Notable observations for these spectra are how the peak intensities change when
in solution compared to the normal Raman spectra. For all the EC-SERS spectra, the predominant
peaks were the nucleotide ring breathing modes that occur between 650 cm™ and 750 cm™!. Further,
it is noted that the peak at 230 cm™ disappears as the potential is stepped more negative. The
disappearance of this peak is associated with the desorption of chloride anions from the electrode
surface. The ring breathing modes for the nucleotide bases (1350 ¢cm™) tend to increase as the
electrode potential was stepped more negative corresponds to the ring breathing modes of the
nucleotides and as well C-N amide stretching. This increase in intensity was determined to be due
to the neutral nucleotide bases preferring the electrode surface more as the potential was stepped

more negative. Overall, these findings are consistent with the findings of previous research.32:¢6
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Figure 11. Depicts the EC-SERS cathodic plots of the four nucleotide base heterocycles 10.0
mM in 0.1M NaF. A) Adenine B) Thymine C) Guanine D) Cytosine. Measurements were
collected using 780 nm, 80 mW power, and 30 s acquisition.

4.2 Aptamer Studies
4.2.1 EC-SERS of the Tro-4 Aptamer

A control study of the EC-SERS signal of the Tro-4 aptamer immobilized onto the
electrode surface was conducted using a pH 7.4 phosphate buffer electrolyte solution. The Tro-4
aptamer modified with a Cs-SH group on the 5’ end was shipped as a disulfide (S-S) since thiols

oxidize spontaneously over time. Therefore, the aptamer had to be reduced to its free thiol form

34



prior to immobilization, which was done using tris-(2-carboxyethyl)phosphine hydrochloride
(TCEP HCI), a common disulfide reducing agent.** Seen in Figure 12, this study showed the
successful immobilization of the aptamer to the surface of the AgNP electrode. This is apparent as
the Ag-S peak found at approximately 230 cm™ is present for the duration of the study. It is
important to note that the Ag-S peak at 230 cm™! is very weak because the method of sample
preparation was pipetting 10 uL of a 10.0 mM reduced aptamer solution onto the electrode surface,
which means the surface coverage may not be perfect and not all “hot-spots” will have Tro-4 near
them. The C-S vibrational mode at 705 cm! is present for the duration of the experiment and the
peak at 1093 cm’! that increases in intensity and then stays present throughout the rest of the study
is characteristic of three or more straight chain carbons (trans conformation of the hydrocarbon
chain), which indicates the aptamer linker becomes more ordered.®> Peak assignments for the
spectra of the Tro-4 aptamer are summarized in Table 1. The prominent peak at 1422 cm™! is
associated with the ring breathing modes of nucleotide bases, as well as a CH» scissoring
vibrational mode. The Tro-4 aptamer sequence begins after the 6-carbon chain linker so it was not
surprising to see the presence of nucleotides in these spectra. Further, the 6 CH> groups that have
scissoring vibrational modes in this region could also be present. It is hypothesized that this mode
is a combination of both ring breathing and CH> scissoring due to its broad nature. Unfortunately,

no SERS reference spectra for the Tro-4 aptamer could be obtained.
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Table 1. Peaks present in the Raman spectrum of the Tro-4 (Cs-SH linker) aptamer and their
corresponding assignments

Peak (cm™) Assignment®
230 Ag-S
705 C-S
1093 C-C-C- (three or more alkyl straight chain)
1422 Nucleotide base ring breath / CH; scissoring
1607 Nucleotide Ring mode
2960 C-H Stretch
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Figure 12. Cathodic step for the Tro-4 aptamer immobilized to a KCl treated AgNP electrode.
Measurements were collected using 780 nm excitation, 120 mW laser power, 60 s acquisition
and a pH 7.4 phosphate buffer.

4.3 Self-Assembled Monolayer (SAM) Studies and Thiol Backfilling
The SAM prepared in this work was a ternary (three component) monolayer. This ternary

monolayer consists of the Tro-4 aptamer, 12-mercaptododecanoic acid (12-MDA) and cysteamine.
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The 12-MDA and cysteamine were used in order to block non-specific adsorption of non-target

species onto the electrode. 62!

4.3.1 Cysteamine

As a control study, the AgNP surface was functionalized with cysteamine by drop casting
SuL of 5.0 mM cysteamine onto the surface of a KCl-treated electrode. An electrolyte solution of
pH 7.4 phosphate buffer was used for this study and the EC-SERS spectra for this study are shown

in Figure 13.

This study was conducted to determine the characteristic peaks of cysteamine. It was found
that the characteristic Ag-S peak at 230 cm! was present, along with C-S vibrational modes at 630
cm’! (gauche) and 720 cm™! (trans) and the C-C vibrations at 960 cm™ and 1030 ¢cm™.%7 As the
potential was stepped more negative and then all through the anodic stepping, the peaks at 1315
cm! and 1600 cm™! dominate the Raman signal. These peaks are due to phosphate anions from the
buffer solution adsorbing onto the electrode, which shows the importance of preparing a uniform
monolayer to limit non-specific adsorption. For this reason, the procedure for adding the
cysteamine monolayer component was modified, using a previously developed procedure for thiol
immobilization.’? Peak assignments for the spectra of cysteamine are summarized in Table 2. A
noteworthy observation from these spectra are the changing intensities of the gauche and trans
conformations of the cysteamine, in that as the potential is stepped more negative, the trans
conformation signal (720 cm') increases while the gauche conformation signal (630 cm)
decreases. This conformational change observed indicates that as the potential is stepped more

negative, the immobilized cysteamine becomes more ordered.
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Figure 13. Cathodic (left) and anodic (right) EC-SERS spectra of cysteamine immobilized onto
a KCl treated AgNP electrode. Measurments taken using a 780 nm laser, 80 mW power, 30 s
acquisition time and pH 7.4 phosphate buffer electrolyte solution.

Table 2. Peaks present in the Raman spectrum of cysteamine and their corresponding
assignments

Peak (cm™) Assignment®’
230 Ag-S
400 -

630 C-S (gauche)
730 C-S (trans)
960 C-C(-N)
1030 C-C(-N)

4.3.2 12-MDA

Control studies were also conducted to obtain the spectra for 12-MDA. Three separate
control studies were conducted for 12-MDA in order to obtain an optimal procedure for
immobilizing it onto the AgNP electrode surface. The first attempt involved drop casting 10 puL of
5.0 mM 12-MDA solution onto a KCl-treated AgNP SPE, allowing it to dry and obtaining spectra
using 780 nm excitation, 80mW laser power and 30s acquisition to which no 12-MDA signal was
observed as seen in Figure Al. The second attempt immersed a KCl-treated AgNP electrode in 5.0
mM 12-MDA solution for 2 hours and then performed EC-SERS measurements using 780 nm

excitation, 80mW laser power and 30s acquisition. Results for this second study showed some 12-
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MDA signal, but the S/N was still very low as shown in Figure A2. Finally, the optimal procedure
was determined to be the following: immerse a KCl-treated AgNP electrode in 5.0 mM 12-MDA
solution for 2 hours and then perform EC-SERS measurements using 780 nm excitation, 120 mW
laser power and 60s acquisition. Results for the optimized procedure for immobilizing 12-MDA

onto the AgNP electrode surface are shown in Figure 14.

This experiment was conducted using a 0.1 M NaF electrolyte and was found to be
consistent with the results of Karaballi for 12-MDA immobilized to the surface of the AgNP
electrode.’? The Ag-S peak found at approximately 230 cm™! is present for the duration of the study.
Furthermore, the trans C-S vibrational mode at 705 cm! is present for the duration. The peak at
1093 cm! that increases in intensity as the potential steps negative and stays present throughout
the rest of the study is characteristic of the trans conformation for a hydrocarbon chain, which
indicates the 12-MDA is becoming more ordered via van der Waals interactions between adjacent

12-MDA molecules.®® Peak assignments for the spectra of 12-MDA are summarized in Table 3.
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Figure 14. Cathodic (left) and anodic (right) EC-SERS plots of 12-MDA monolayer on AgNP.
Collected with 120 mW power, 60 s acquisition time and 0.1 M NaF electrolyte
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Table 3. Peaks present in the Raman spectrum of 12-MDA and their corresponding assignments

Peak (cm™) Assignment®>¢7
230 Ag-S
704 C-S (trans)
929 C-C
1100 C-C-C- (three or more alkyl straight chain)
1300 CH> deformation
1436 CHj3 scissoring (-CH2COO)

4.3.3 12-MDA + Cysteamine Blocking Study

Rhodamine 6G (R6G) was used to investigate the ability of the two-component monolayer
(cysteamine + 12-MDA) to block surface adsorption of non-target species. The reason R6G was
chosen as a model was because it is a very strong Raman reporter due to its large Raman cross
section, making it readily detectable by SERS and EC-SERS. A solution containing 1.0 mM R6G
in 0.1M NaF was used for these blocking studies because if drop casted, R6G dissolves into the
bulk electrolyte as can be seen in Figure A3. Figure 15 shows an overlay of the 1.0 mM R6G in
0.1IM NaF control at -0.8V cathodic compared to the -0.8V cathodic spectrum of the two-
component monolayer blocking 1.0 mM R6G in 0.1 M NaF. Overall, it was concluded that a
monolayer consisting of both 12-MDA and cysteamine was capable of blocking >99% of the
Raman signal of R6G. For comparison, the blocking efficiency for a monolayer of just 12-MDA
was 93% and can be seen in Figure A4. Blocking efficiencies were calculated by comparing the
peak intensity of the peak at 1314 cm! for the R6G control to the peak intensity in the blocking
study. This very good blocking efficiency allowed for movement forward with confidence that the

vast majority of the non-specific adsorption will be limited for the aptasensor.
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Figure 15. Overlay of (top) -0.8V cathodic stack plot of R6G control of 1 mM in 0.1 M NaF
electrolyte compared to (bottom) the binary monolayer of 12-MDA and cysteamine blocking
R6G 1 mM in 0.1M NaF signal

The recombinant cardiac troponin I (¢cTnl) from MyBioSource was shipped in a 6.0 M urea
solution. Therefore, it was important to conduct a control study to determine if urea would cause
any signal interference. Seen in Figure 16A is the cathodic step of a 1.0 M solution of urea in 0.1
M NaF electrolyte on a bare AgNP electrode. The prominent C-N stretch at 1000 cm™ was the
only main peak present for the duration of the study.®® Figure 16B shows a monolayer of 12-MDA
and cysteamine blocking the 1.0 M urea solution in 0.1 M NaF electrolyte. This spectrum shows
very little interference from the urea, which allowed for the rest of the aptasensing studies to be
conducted in confidence that there would be little to no non-specific adsorption occurring from the

urca.
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Figure 16. EC-SERS spectra of 1.0M urea in 0.1 M NaF on a bare AgNP electrode (A),
compared to a monolayer of 12-MDA and cysteamine blocking 1.0 M urea in 0.1 M NaF (B).
The main vibrational mode of urea is denoted in B by an asterisk. Spectra recorded with a 780
nm laser, 120 mW and 60 s acquisition.

4.3.4 Ternary Monolayer

The final steps to this project before attempting to detect cTnl was to prepare and
characterize the ternary monolayer containing the Tro-4 aptamer (10 puL drop cast of 10.0 mM
reduced aptamer), 12-MDA (2-hour incubation in 5.0 mM solution) and cysteamine (30 min
incubation in 5.0 mM solution) in order to obtain a monolayer as shown in Figure 4. The spectra
of the ternary monolayer are seen in Figure 17. The characteristic Ag-S peak found at
approximately 230 cm! is present for the duration of the study. Furthermore, the trans and gauche
C-S vibrational modes can be seen for the duration of the study at 705 ¢cm™ and 620 c¢cm!
respectively. Full peak assignment for the ternary monolayer of the Tro-4 aptamer, 12-MDA and

cysteamine can be seen in Table 4.
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Figure 17. EC-SERS data for the cathodic step spectra for the ternary monolayer containing the
Tro-4 aptamer, 12-MDA and cysteamine. The spectra were aquired using 780 nm excitation, 120
mW laser power, 60 s acquisition time and a pH 7.4 phosphate buffer electrolyte solution.

Table 4. Raman peaks present for the ternary monolayer consisting of the Tro-4 (5’ Cs-SH)

aptamer, 12-MDA and cysteamine.

Peak (cm™) Assignment®

230 Ag-S

669 C-S (12-MDA)

704 C-S

953 C-C(N)

1082 C-C-C- (Tro-4 three or more alkyl straight
chain)

1138 C-C-C- (12-MDA three or more alkyl straight
chain)

1438 Nucleotide base ring breath

A full range spectrum of just the Tro-4 aptamer immobilized onto the AgNP surface is seen

in Figure 18, which was obtained so that it was possible to verify that the aptamer was still present

on the surface after the ternary monolayer had been prepared. It is known that C-H and C-D
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stretching modes occur at different wavenumbers, which are approximately 2900 cm™! and 2100
cm! repectively.% Therefore, by preparing a ternary monolayer with the Tro-4 aptamer and fully
deuterated thiols that were as close as possible to the backfilling thiols used in all other studies, it
was possible to easily verify the aptamer was still present after monolayer preparation. Shown in
Figure 19 are the overlays of both a binary (two-component) monolayer containing the Tro-4
aptamer and dys-dodecane-SH, and a ternary monolayer of the Tro-4 aptamer, d»s-dodecane-SH
and ds-cysteamine. As seen in Figure 19, the C-H stretching mode at 2960 cm™! remained present
throughout the duration of these studies allowing for a simplistic comfirmation that the monolayer
was assembled as expected. This study also allowed for confirmation that all monolayer
components were still present. It is important to note that typically, the C-D peak displays much
weaker intensity than the C-H peak, however in this specific case, it is seen that the C-D peak was
stronger the the C-H peak, which occured because only 10.0 pL of a 10.0 mM aptamer solution
was added to the electrode, whereas the sensor was incubated in a 5.0 mM solution of dys-
dodecane-SH for 2 hours and in a 5.0 mM solution of ds-cysteamine for 30 minutes. Full peak
assignments for both the binary deuterated monolayer and the ternary deuterated monolayer can
be found in Tables A5-A6. All peak assignments were above the signal limit of detection, where

each labelled peak was > 3op.
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Figure 18. Overlay of the full range EC-SERS signal collected at OCP and -0.5 V for just the Tro-
4 aptamer immobilized onto an AgNP electrode. Spectra were obtained using a 780 nm excitation,
120 mW laser power, 60 s acquisition time, pH 7.4 phosphate buffer and a low resolution, full

range grating.
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Figure 19. EC-SERS overlay plots for deuterated monolayers. The spectra on the left show
cathodic overalays for a binary monolayer comprised of Tro-4 and d»s dodecane-SH. The spectra
on the right show cathodic overlays of a ternary monolayer comprised of Tro-4, d»s dodecane-SH
and d4 cysteamine.

Finally, cyclic voltammograms (CVs) were plotted and compared for each component of
the monolayer and are shown in Figure 20. The cyclic voltammograms provide a “picture” of the
electrified interface, and can also service to inform on the state of monolayer assembly.>” The
electrochemical double layer models a parallel plate capacitor and therefore, as more layers of the
monolayer are added to the electrode, the current (and related double layer capacitance) should
decrease, since the effective distance between ions in solution and the electrode surface is
increased.>” This overall decrease in current as more components of the monolayer were added can
be seen qualitatively in Figure 20, where the ternary monolayer displayed a much lower current in

comparison to the binary monolayer of just the Tro-4 aptamer and 12-MDA.
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Figure 20. Shows the cyclic voltammograms of the different monolayers that were prepared. For
all voltammograms, the electrolyte was a pH 7.4 phosphate buffer, 10 segments were obtained for
each voltammogram at a scan rate of 50 mV/s.

4.4 Protein Studies
4.4.1 Cardiac Troponin I (cTnl)

Figure 21 shows the control study for cardiac troponin I. 10.0 uL of 250.0 pg/mL ¢Tnl was
drop coated onto a KCl-treated AgNP electrode and allowed to dry. The in-air spectrum for the
control study was dominated by the signal of urea at 1000 cm™, but once the pH 7.4 phosphate
buffer was added, the signal was immediately lost. Cardiac troponin I is a challenging protein to
detect by SERS analysis as reported in previous works.!? ¢Tnl is a challenging analyte because
only the aromatic amino acid residues display a strong SERS signal, and within the 210 amino
acid sequence, cTnl only has 8 aromatic amino acids. Further, this study showed that on its own,

it is not possible to quantitatively detect cTnl by EC-SERS, because the protein just desorbed from

47



the electrode surface into the bulk solution once electrolyte was added. This can be seen in Figure

21, as the expected peaks for cTnl are present in air but significantly dissipate once the pH 7.4

phosphate buffer is added
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Figure 21. Cathodic (left) and anodic (right) plots of cardiac troponin I (¢Tnl) drop coated onto a
bare KCl-treated AgNP electrode. Spectra were obtained using 780 nm laser, 120 mW power, and

60 s acquisition in pH 7.4 phosphate buffer.

Figure 22 shows the in-air spectrum of cTnl drop casted onto a bare (non-functionalized)

AgNP electrode. Each individual spectrum for the ¢Tnl control study was plotted to determine if

any peaks could be seen that were characteristic of ¢cTnl or the amino acids of tyrosine, tryptophan

or phenylalanine. Viewing the in-air spectrum of cTnl, it was determined that there were some

peaks present that corresponded with the aromatic amino acid residues, which further confirms the

protein desorbed from the electrode surface once electrolyte was added. A summary of the peaks

that were assigned with intensities above 3oy can be found in Table 5
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Figure 22. Shows the in-air spectrum of cardiac troponin I (cTnl) drop casted onto a bare KCl-
treated AgNP electrode. Spectrum was obtained using 780 nm laser, 120 mW power, and 60 s

acquisition in a pH 7.4 phosphate buffer.

Table 5. Raman peaks and corresponding assignments for cardiac troponin I (¢Tnl)

Peak (cm™) Assignment!2°
706 Tryptophan
720 Tryptophan
835 Tyrosine
901 Tryptophan
1078 Tryptophan / C-N stretch
1151 Tyrosine
1447 Trptophan / CH;
1586 C=0 stretch

4.5 Protein Detection Studies
4.5.1 Cardiac Troponin I (¢Tnl) System
The aptasensor was then tested with 10.0 pL of 250.0 pg/mL cTnl that was allowed to

incubate on the sensor surface for 1 hour, followed by copious rinsing. Figure 23 shows the

cathodic and anodic step plots for the study that was conducted to test the aptasensor. Upon first
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glance, the spectra looked very similar, if not identical to the spectra of the ternary monolayer.
Further, it was determined that none of the characteristic peaks expected for cTnl were visible
when comparing these results to the literature.!? The result of this study was not overly surprising,
as SERS is a very distance-dependent technique where the analyte must be ideally within 2 nm of
the plasmonic surface in order to obtain the desired enhancement.!” A carbon-carbon bond length
is approximately 0.15 nm, which means the optimum SERS enhancement distance is around 13
carbon atoms away from the surface. The aptamer used in this study contained a 6-carbon linker
to immobilize the aptamer to the surface and the binding site for the protein does not occur until
the 18" nucleotide residue (~0.6 nm / residue) as seen in Figure 3, meaning the protein would have
been approximately 11.7 nm away from the plasmonic substrate, which is well greater than the

optimal distance of SERS enhancement.
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Figure 23. Cathodic (top) and anodic (bottom) plots for the aptasensor test for the detection of
cTnl. Spectra were obtained using 780 nm excitation, 120 mW laser power, 60 s acquisition in a

pH 7.4 phosphate buffer
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Looking closer at each individual spectrum for this study and comparing it to the results of the
ternary monolayer study, some differences were revealed that indicate the protein may have bound
to the aptamer and caused some conformational changes to the monolayer surface. In particular,
the disappearance of the Ag-S peak at 230 cm’!, the C-S wavenumber shift of 20 cm’!, the
decreased intensity of the trans alkyl chain stretch at 1138 cm™! and the disappearance of the
nucleotide base ring breathing mode at 1421 cm™!. The disappearance of peaks and overall changes
in peak intensity indicate that when the cTnl was introduced to the system, some disorder was
introduced to the monolayer, and some conformational changes occurred that causing the
nucleotide base ring breathing residue to disappear. Some studies show that metal sulfur bonds
can be cleaved or weakened as the potential is stepped more negative, however this is not observed
in the latter ternary monolayer studies without ¢Tnl present.®” While it was not studied whether or
not the Ag-S bond is weakened as the potential is stepping more negative, these findings indicated
that the protein is causing a significant level of disorder to the monolayer, and one hypothesis for
the overall changes in peak shift and intensities is that cTnl bound to the protein crowds the

monolayer which in turn introduces disorder to the system.”
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Figure 24. Stack plots comparing the ternary monolayer to the aptasensor. -0.3 V (top) and
-0.5 V (bottom) were the best spectra for the aptasensor. Therefore, these were the two spectra
used for comparison to the ternary monolayer control study. Spectra were obtained using a 780
nm laser, 120 mW power and 60 s acquisition time in a pH 7.4 phosphate buffer.
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Chapter 5: Conclusions

This thesis work explored the development of a new aptasensor for the detection of cardiac
troponin I (cTnl) using an electrochemical surface-enhanced Raman spectroscopy (EC-SERS)
detection platform. First, a reduction procedure for reducing the S-S bond in the aptamer linker to
SH was optimized for this project, and it was determined that 10 mM concentration of Tro-4 was
the best concentration for the first component of the monolayer. After multiple attempts at
developing a good ternary monolayer, it was found that 10.0 pL of 10.0 mM reduced aptamer, a
two-hour incubation in 5.0 mM 12-MDA and a 30 min incubation in 5.0 mM cysteamine yielded
an ideal ternary monolayer. The ideal monolayer was tested for its non-specific adsorption
capabilities and was determined to block >99 % of R6G signal. The monolayer also successfully
blocked the signal of urea in solution. Further, this thesis work successfully developed a method
for the spectral exploration of monolayer components within an aptasensor. This method made use
of the wavenumber shift that occurs when C-H bonds are exchanged for C-D bonds. This method
allowed for simplistic verification that the aptamer was still immobilized to the electrode surface
after all the monolayer components had been added. Studies for obtaining an EC-SERS reference
spectrum of ¢cTnl were attempted, but it was overall found that there was an issue with desorption
of the protein from the plasmonic surface as soon as the electrolyte was added. Further, it was
found that cTnl was not detected by this aptasensing method. However, when ¢Tnl was introduced
to the system, changes in peak intensities and wavenumbers were observed which could be an
indication that when cTnl binds to the aptamer, disorder is introduced to the monolayer system
due to crowding. The changes in peak intensity and wavenumber shifts indicate that protein may

be bound to the aptamer, resulting in distortion of monolayer order, but is simply too far away
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from the plasmonic surface to be directly detected. Overall, this thesis was able to develop new

methods for monolayer verification but fell short in detecting cTnl by EC-SERS directly.
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Chapter 6: Future Work

In terms of future work for this project, the main goal is to achieve quantitative detection
of cTnl at clinically relevant concentrations. Further, it will be important to simulate a blood serum
that contains various other matrix proteins that would be found alongside cTnl such as myoglobin,
human serum albumin (HSA), hemoglobin, immunoglobulin G (IgG). Additionally, it may be
found that no matter what is done, the protein is simply too far away from the SERS surface to be
detected. To verify that there is an issue with distance dependence for SERS, a redox probe such
as Nile Blue could be added to the electrolyte, and if the protein was complexed with the aptamer,
the redox signal should be completely blocked. The issue of distance dependence can be combatted
in many ways. One suggestion for overcoming distance dependence is to investigate indirect
detection methods. This can be helpful when dealing with proteins because inherently there are
not many strong vibrational modes found within a large protein. Another suggestion for
eliminating the issue of distance dependence would be to prepare a sandwich-like substrate, by
placing gold nanoparticles (AuNPs) modified with the Tro-4 aptamer on top of the existing
aptasensor. Finally, other plasmonic sensing platforms could be investigated for this system,
including an LSPR-based sensor which monitors refractive index changes as opposed to spectral
signatures. This type of sensor may work for this system since binding of the protein to the aptamer
would be expected to produce a large refractive index change which would be proportional to cTnl

concentration.
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Chapter 8: Appendix

Table Al. Peaks present in the Raman spectrum of adenine and their corresponding assignments

Peak (cm™) Assignment®
331 -
535 C-H and NH wagging
623 C-C twist
722 Adenine ring breathing
897 -
942 Ring deformation
1024 NH; rocking
1124 C-N
1249 -
1333 H-bending & Ring stretch
1372 Adenine ring breathing
1420 Adenine ring breathing
1483 Adenine ring breathing

Table A2. Peaks present in the Raman spectrum of Thymine and their corresponding assignments

Peak (cm™) Assignment®>-7!
428 -
479 DNA
558 -
617 N-H wagging
740 Ring breath & N-H wagging
803 C-H wagging
933 -
983 Ring breath & CH3 asymmetric stretch
1155 -
1216 C-N stretching
1251 C-N stretching, Thymine ring breath, Amide
M1
1368 Thymine ring breathing
1409 -
1433 -
1460 CHj3 deformation
1491 C-N
1671 Amide |
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Table A3. Peaks present in the Raman spectrum of Guanine and their corresponding assignments

Peak (cm™) Assignment®>7?
400 -
494 N-H bend
561 NH; wagging
649 Guanine ring breathing mode
938 C-C stretch
1047 -
1161 C-N stretch
1186 -
1233 Amide III
1265 Amide 111
1360 N-H bend, C-N stretch
1390 NH; rocking and C-H rocking
1421 Guanine ring breath
1468 C=N
1479 Amide I1
1551 Amide II
1671 Amide |

Table A4. Peaks present in the Raman spectrum of cytosine and their corresponding assignments

Peak (cm™) Assignment®-7?

401 -

550 C-N torsion

600 C-N torsion

790 Cytosine ring breathing mode & C=0
deformation

971 C-C wagging

989 -

1010 -

1108 C-N stretch

1247 NH; cytosine rocking

1275 Amide II

1362 C-N stretch

1461 -

1532 Amide carbonyl, Amide III

1652 Amide |

1693 -
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Figure A1l. Cathodic step (left) and anodic step (right) of 10.0 uL of 5.0 M MDA drop casted onto
a AgNP KCl-treated electrode. Spectra were acquired using 780 nm excitation, 80 mW laser
power, 30 s acquisition and a pH 7.4 phosphate buffer.
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Figure A2. Cathodic step (left) and anodic step (right) of a 12-MDA functionalized AgNP
electrode (0.5 M KCl-treatment for 30 min then, a 2-hour incubation in 5.0 M MDA). Spectra were
acquired using 780 nm excitation, 80 mW laser power, 30 s acquisition and a pH 7.4 phosphate

buffer.
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Figure A3. Cathodic step (left) and anodic step (right) of 10.0 uL of 1.0 M R6G drop casted onto
a KCl-treated AgNP electrode. Spectra were acquired using 780 nm excitation, 80 mW laser
power, 30 s acquisition and a pH 7.4 phosphate buffer.

Table AS. Raman peaks present and corresponding assignments for the binary monolayer
containing the Tro-4 (5* C¢-SH) aptamer and d»s-dodecane-SH.

Peak (cm™) Assignment®
230 Ag-S
669 C-S (dzs-dodecane-SH)
704 C-S
1082 C-C-C- (Tro-4 three or more alkyl straight
chain)
1138 C-C-C- (d2s-dodec. three or more alkyl
straight chain)
1438 Nucleotide base ring breath
1607 Nucleotide base Ring stretch
2097 C-D stretch
2960 C-H Stretch

Table A6. Raman peaks present and corresponding assignments for the ternary monolayer
containing the Tro-4 (5° C¢-SH) aptamer, d>s-dodecane-SH and ds cysteamine

Peak (cm™) Assignment®
230 Ag-S
669 C-S (dzs-dodecane-SH)
704 C-S
953 C-C(N)
1082 C-C-C- (Tro-4 three or more alkyl straight
chain)
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Figure A4. -0.8V cathodic overlay plot of R6G control ImM in 0.1 M NaF electrolyte compared
to of the monolayer of 12-MDA blocking R6G 1mM in 0.1 M NaF signal

70



1.4

1.2 -

393

0.8

Extinction

0.6

0.4

0.2 4

T T T T T T T T T
300 400 500 600 700 800
Wavelength / nm

SEM HV: 20.0 kV WD: 16.68 mm MIRA3 TESCAN

View field: 1.05 pm Det: SE 200 nm
SEM MAG: 376 kx | Date(m/dly): 06/16/21 Saint Mary's University

Figure AS. UV-Vis spectrum (top) and SEM image of AgNP (bottom) used for characterization
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